In theory, unisexual taxa have an advantage over ecologically similar bisexual species because unisexuals produce twice as many daughters and, thus, should quickly outcompete coexisting bisexuals in any given population. For sperm-dependent unisexual (gynogenetic) species, stable coexistence with their bisexual sperm donors can be postulated if male mate choice puts unisexual females at a disadvantage through sperm limitation, thus halving their reproductive output compared to bisexuals ('behavioural regulation hypothesis'). We tested for a potential life-history signature of male mate choice in a system of coexisting bisexual sailfin mollies (Poecilia latipinna) and gynogenetic Amazon mollies (Poecilia formosa). Specifically, we gave P. latipinna males an opportunity to freely interact (and mate) with both types of females and, after 25 days, quantified the proportion of (1) females with sperm in their genital tract and (2) pregnant females. A higher proportion of P. latipinna females (53.7%) had sperm in their genital tract (compared to only 25.9% in P. formosa), corroborating a previous study on wild-caught fish. This translated into a higher frequency (42.6%) of P. latipinna females being pregnant (compared to 29.6% in P. formosa); however, among pregnant females, no significant differences between species in reproductive lifehistory traits (such as offspring number or size) were uncovered. Hence, although the findings of the present study confirm that male discrimination against unisexual females leads to reduced reproductive output in unisexuals, the observed magnitude of differences in targeted life histories between the two types of females is unlikely to be the sole factor regulating stable coexistence in this system.
INTRODUCTION
Unisexual vertebrates and their bisexual relatives have long been established as model systems to study the maintenance of recombination and sexual reproduction (Paulissen, Walker & Cordes, 1988; Vrijenhoek et al., 1989; Vrijenhoek, 1994; Semlitsch, Hotz & Guex, 1997; Bogart et al., 2007) . Among unisexual vertebrates, modern bony fishes (Teleostei) are of central interest because different modes of asexual reproduction have repeatedly evolved within this group: besides hemiclonal inheritance (hybridogenesis; Alves et al., 2001 ) and facultative parthenogenesis (Spurway, 1953) , several unisexual fishes are known to reproduce via sperm-dependent parthenogenesis (or gynogenesis), in which sperm is required to initiate embryogenesis, even though oocytes do not undergo meiosis, and inheritance is strictly maternal (e.g. Poeciliopsis spp.: Vrijenhoek et al., 1989; Beukeboom & Vrijenhoek, 1998 ; Poecilia formosa: Schlupp et al., 1998) .
In mating systems involving a bisexual and a coexisting unisexual species, two competing types of females are found that in some cases exploit very similar food sources (Heubel, 2004; Scharnweber et al., 2012) but show fundamentally different population dynamics (Schlupp, 2005; Schlupp & Riesch, 2011) . If all else is equal, unisexuals produce twice as many daughters (provided a 1 : 1 sex ratio in the bisexual species) and should quickly outcompete bisexuals, thereby driving ecologically similar bisexual taxa to extinction. In sperm-dependent unisexual species, this would inevitably lead to their own extinction (Schley, Doncaster & Sluckin, 2004; Schlupp, 2005; Kokko, Heubel & Rankin, 2008) . Hence, the apparent stability of unisexual/bisexual mating systems observed in natural systems (McKay, 1971; Moore & McKay, 1971; Moore, 1975; Kirkendall & Stenseth, 1990) , and especially the factors underlying the maintenance of this stability, are receiving considerable interest in evolutionary ecology (Schenck & Vrijenhoek, 1986 , 1989 Wetherington, Schenck & Vrijenhoek, 1989; Vrijenhoek & Pfeiler, 1997; Schlupp & Riesch, 2011) .
The present study examined factors contributing to the stability of a unisexual/bisexual system involving the Amazon molly, Poecilia formosa, a gynogenetic, all-female species of livebearing fish (family Poeciliidae) that resulted from a single hybridization of the two bisexual species Poecilia latipinna and Poecilia mexicana and predominantly uses sperm from males of those species for gynogenetic reproduction (Schartl et al., 1995; Lampert & Schartl, 2008; Stöck et al., 2010) .
Several theoretical models have been proposed to elucidate mechanisms explaining the short-term advantage of sexuality (e.g. the Red Queen hypothesis: Van Valen, 1973; Hamilton, 1980; Salathé, Kouyos & Bonhoeffer, 2008) . Although tests for the Red Queen hypothesis found no evidence for differential parasitization of uni-and bisexual Poecilia (Tobler & Schlupp, 2005 , 2008 , both appear to differ in susceptibility to environmental stress: Juvenile survival under benign conditions was comparable for P. formosa and P. latipinna (Hubbs & Schlupp, 2008) but, under food stress, P. formosa neonates experienced higher mortality and adult P. formosa are more sensitive to cold temperatures (Fischer & Schlupp, 2009; Bierbach et al., 2010) .
All of this, however, is certainly insufficient to explain stable coexistence in this and similar systems, and other, more powerful, mechanisms must be postulated. For example, the 'life-history regulation hypothesis' (Schlupp, 2005; Schlupp & Riesch, 2011) is based on potential life-history differences between the two types of females. Essentially, coexistence would be predicted if the lifetime reproductive success of unisexuals was half that of the bisexuals. Several mechanisms appear to be plausible for this: On the one hand, it is possible that the accumulation of deleterious mutations in unisexuals prevents them from making a comparable investment into their offspring. On the other hand, unisexuals may need to invest more energy into immune defence or maintaining homeostasis and somatic growth, leaving less energy available for reproduction. If these trade-offs exist, life-history traits such as pregnancy rates, age at maturity, interbrood intervals, fecundity, reproductive lifespan or maternal investment [e.g. reproductive allocation (RA); Reznick & Endler, 1982] would likely be negatively affected in unisexuals. To date, life-history aspects in this mating complex are not well documented (but see Hubbs & Dries, 2002; Schlupp, Taebel-Hellwig & Tobler, 2010; Alberici da Barbiano et al., 2011) .
Another, inter-related hypothesis suggests that male mate choice plays an important role, and that unisexual females may not receive sufficient sperm from 'host' males to fertilize all of their oocytes ('behavioural regulation hypothesis'; Schlupp, 2005 Schlupp, , 2009 Kokko et al., 2008; Schlupp & Riesch, 2011) . Because host males are not related to the resulting offspring, they should be under selection to avoid mating with P. formosa, and, indeed, both P. latipinna and P. mexicana males prefer to mate with conspecific females under most circumstances (Schlupp, Parzefall & Schartl, 1991; Ryan et al., 1996; Gabor & Ryan, 2001; Schlupp & Plath, 2005 ; but see also Plath et al., 2008) , and P. latipinna males living in syntopy with P. formosa show character displacement and exhibit stronger preferences for conspecific females than males from allopatric populations (Gabor & Ryan, 2001) . Furthermore, P. latipinna males from both syntopic and allopatric populations primed more sperm when in the presence of a conspecific female (Aspbury & Gabor, 2004a, b; Robinson, Aspbury & Gabor, 2008) . Finally, Schlupp & Plath (2005) reported on P. mexicana males preferring to mate with (and transferring more sperm to) conspecific females (see also Alberici da Barbiano et al., 2011) and a field study confirmed those findings because proportionally more P. latipinna females than P. formosa had sperm in their genital tract (Riesch, Schlupp & Plath, 2008) . Among those females from which sperm could be retrieved, P. latipinna also had more sperm (Riesch et al., 2008) . However, the question remains as to whether this limitation results in a reduced fitness in unisexuals. Potentially, P. formosa could still acquire sufficient sperm to continuously fertilize full clutches, in which case more sperm in their sexual counterparts could simply be a signal of sperm competition among males (Aspbury, 2007; Hinz & Schlupp, 2011) .
Moreover, male mate choice in unisexual/bisexual mating systems can be negatively frequencydependent (McKay, 1971) and males may selectively favour the rare female phenotype, as demonstrated for Poeciliopsis spp. (Keegan-Rogers, 1983 , 1984 Keegan-Rogers & Schultz, 1984 , 1988 . More specifically, males are predicted to discriminate against the most common female phenotype if conspecific females are rare but not vice versa (Schlupp & Riesch, 2011 ). However, not only the frequency of conspecific to heterospecific females, but also the ratio of males to females is important in this context because host (P. mexicana) males under a perceived risk of sperm competition (i.e. presence of a rival male) tend to copulate more with P. formosa (Padur et al., 2009 ).
The present study addressed three questions in the P. latipinna/P. formosa system: (1) is there a role for frequency-dependent male mate choice; (2) does the male-to-female ratio affect male mate choice behaviour; and, most importantly (3) does male mate choice translate into differences between the two types of females in reproductive life-history traits such as pregnancy rates, fecundity, and RA? Although most of these life-history traits will only reveal effects on the individual level, evaluating pregnancy patterns will help to elucidate the potential population-level effects of male mate choice in this system.
MATERIAL AND METHODS
Test fishes were collected in an oxbow lake in the City of Brownsville in Southern Texas (Rio Grande Valley, Cameron County; 25°53.98′N 097°28.77′W), where P. latipinna naturally co-occurs with P. formosa. Poecilia latipinna have been described to have an approximately 30-day ovarian cycle (Farr & Travis, 1986; Hubbs & Dries, 2002) , and the same is likely to be true for P. formosa; furthermore, poeciliid females can store sperm in the folds of their gonoduct and ovary for several months (Constanz, 1989) . Therefore, before the experiment, test fishes were held separated by sex in 1000-litre tanks for 60 days to provide them with an opportunity to produce up to two broods from stored sperm. After 60 days, females were randomly selected for the individual experimental treatments (see below) and were visibly checked for the characteristic abdominal distension that indicates pregnancies. Only females that were not visibly pregnant were used for the experiment.
One or three P. latipinna males were cohabited with several females in 70.8-litre tanks at the University of Oklahoma in Norman. The tanks were set up according to the frequencies (male : conspecific female : heterospecific female): 1 : 5 : 5 (treatment 1), 1 : 8 : 2 (treatment 2), 1 : 2 : 8 (treatment 3), 3 : 4 : 4 (treatment 4), 3 : 6 : 2 (treatment 5) and 3 : 2 : 6 (treatment 6), simulating actual frequencies observed in the field (R. Riesch and I. Schlupp, unpubl. data) . Each frequency was further replicated twice: the first replicate (i.e. 'block') was run in August 2009 and the second in September 2009. Each treatment was included once per block, resulting in a total of N = 12 trials.
After being held together for 30 days as described above, the genital tracts of all females (N = 54 per species) were flushed to analyse the amount of recently received sperm relative to the experimental treatment (Schlupp & Plath, 2005; Riesch et al., 2008) . In short, saline solution was repeatedly injected into (and retrieved from) the female genital tract. Upon final retrieval, an aliquot of the acquired solution was counted in a Thoma chamber. Afterwards, females were sacrificed and fixed in 10% formaldehyde solution for subsequent life-history dissections. In accordance with standard protocols (Reznick & Endler, 1982; Riesch et al., 2010; Riesch, Plath & Schlupp, 2010) , we thus collected several life-history variables for each individual: female standard length (SL) (mm), lean weight (g), fat content (%), fecundity (total number of developing embryos at time of dissection), embryo dry weight (mg), embryo fat content (%), and RA (%; embryo dry mass divided by the sum of embryo dry mass plus female somatic dry mass).
STATISTICAL ANALYSIS
To analyse the proportion of females of both species that: (1) had recently acquired sperm and (2) were pregnant at the end of the experiment, we used a model selection approach (Burnham & Anderson, 2002) to identify a subset of top logistic regressionmodels with strong empirical support [D corrected Akaike information criterion (AIC c) 0-7; Burnham, Anderson & Huyvaert, 2011] . We used AICc (AIC corrected for small sample sizes) in all analyses rather than AIC because our sample size, divided by the number of model parameters, was < 40 in all cases. We further accounted for model uncertainty by performing model averaging (sensu Burnham & Anderson, 2002; Burnham et al., 2011) . The different models contained different combinations of the independent variables and various levels of interactions between them (see Supporting Information, Tables S1, S2).
Life-history variables were first log 10-transformed (SL, lean weight, and embryo lean weight), arcsinesquare root-transformed (female fat content, embryo LIFE HISTORY OF P. FORMOSA 3 fat content, and RA) or square root-transformed (fecundity) to control for potential nonlinear relationships between the variables, and subsequently z-transformed for standardization. We first compared z-transformed SL of pregnant females of both species by means of a t-test. Because female lean weight, female fat content, and fecundity were correlated with female SL, we then removed the effects of SL from these variables by using the residuals from a multiple regression for the final multivariate analysis of covariance (MANCOVA). For this multivariate model, female lean weight, female fat content, fecundity, embryo lean weight, embryo fat content, and RA were the dependent variables, 'embryonic stage of development ' (Riesch et al., 2011) was the covariate, and 'species' was the independent variable.
RESULTS

BEHAVIOURAL REGULATION: RECENT COPULATIONS
There was substantial model selection uncertainty and no actual 'best' model emerged (Supporting Information Table S1 ). However, model averaging clearly identified 'species' as the most important variable for explaining the presence or absence of sperm, followed by 'block' and 'treatment' (Table 1) : a larger fraction of P. latipinna had sperm than P. formosa, males inseminated more females in August than in September, and the proportion of inseminated females was highest in treatment 4, and lowest in treatment 5 (Fig. 1) .
Overall, the proportion of females with sperm decreased in both species from block 1 (August) to block 2 (September); however, this decrease was more pronounced in P. formosa (proportion with sperm, P. latipinna, August: 64.0%, September: 44.8%; P. formosa, August: 34.5%, September: 16.0%). Furthermore, a larger proportion of P. latipinna successfully acquired sperm in all treatments, although the difference between species varied with treatment and was most pronounced in treatment 3 (treatment 1, P. latipinna: 50.0%, P. formosa: 30.0%; treatment 2, P. latipinna: 43.8%, P. formosa: 25.0%; treatment 3, P. latipinna: 100.0%, P. formosa: 18.3%; treatment 4, P. latipinna: 87.5%, P. formosa: 25.0%; treatment 5, P. latipinna: 33.3%, P. formosa: 25.0%; treatment 6, P. latipinna: 50.0%, P. formosa: 33.3%).
LIFE-HISTORY REGULATION: SUCCESSFUL PREGNANCIES
Again, no single-best model was discovered, although model averaging suggested that the most important variables for explaining the proportion of pregnant females were 'species', 'block', and 'female SL', followed by 'treatment' (see Supporting Information, Table S2 ). More P. latipinna were pregnant than P. formosa, more females were pregnant in August than in September, and pregnancies varied slightly between treatments, being lowest in treatment 2 (20% pregnant females) and highest in treatment 5 (50%) (Fig. 2) . Finally, pregnant females of both species were larger than nonpregnant females, explaining the importance of 'female SL' (Fig. 3 ; Table 1 ). Interestingly, the proportion of pregnant females was considerably higher for P. latipinna (72.0%) than for P. formosa (31.0%) in August, although lower for P. latipinna (17.2%) than for P. formosa (28.0%) in September.
LIFE-HISTORY REGULATION: DIFFERENCES AMONGST PREGNANT FEMALES
Females of both species differed in body size, with P. formosa being on average 4 mm larger than P. latipinna females (t37 = 3.48, P = 0.001) ( Table 2) . Nonetheless, the MANCOVA on all other life-history traits did not detect significant differences between the two species (F6,31 = 2.19, P = 0.071), whereas the covariate 'embryonic stage of development' had a significant effect on female life histories (F6,31 = 2.61, P = 0.037). Qualitatively, P. latipinna females had slightly higher fecundities and reproductive allocation (RA), whereas P. formosa tended to have more adult and embryo body fat (Table 2) .
DISCUSSION
We found a lower frequency of unisexual (gynogenetic) P. formosa than bisexual P. latipinna females to have (1) received sperm and (2) become pregnant in the course of our 30-day experiment. Within the sub-set of pregnant females however, the various life-history traits investigated in the present study (such as fecundity and reproductive allocation) did not significantly differ between species. We asked the question of whether male mate choice would be dependent on both the ratio of unisexualto-bisexual females, as well as males-to-females. Overall, we found P. formosa to be less successful in acquiring sperm from host males than P. latipinna females, irrespective of the experimental treatment; LIFE HISTORY OF P. FORMOSA 5 validating previous studies that had found similar patterns in both natural populations (Riesch et al., 2008) and under laboratory conditions (Schlupp & Plath, 2005 ; Alberici da Barbiano et al., 2011) . Intriguingly, in treatment 3, in which one male had the opportunity to mate with two conspecific and eight heterospecific females, all P. latipinna had recently been inseminated, whereas almost no sperm was retrieved from P. formosa. This supports our prediction of negative frequency-dependent male choice in that males appear to discriminate most strongly against P. formosa when their 'own' females are rare but not when P. formosa are rare (Schlupp & Riesch, 2011) . However, this effect was greatly diminished in the three-male-treatment, suggesting a strong effect of perceived sperm competition risk on male mating behaviour (compare Padur et al., 2009; Alberici da Barbiano et al., 2011) . Furthermore, among threemale-treatments, the strongest discrimination against P. formosa was detected in treatment 4 (equal numbers of con-and heterospecifics). Again, this points towards the effects of perceived sperm competition and other audience effects (Padur et al., 2009 ), although we currently cannot propose compelling hypotheses explaining the exact patterns uncovered. Another question was whether male mate choice (measured as sperm retrieved from the female gonoduct) would translate into differential patterns of female pregnancies. This question links two major hypotheses that have been forwarded to explain the apparently stable coexistence of related bisexual and gynogenetic organisms in mixed populations: 'behavioural regulation' through male mate choice should translate into more sperm being transferred to bisexual females (Schlupp, 2005 (Schlupp, , 2009 ), which we found to be supported in the present study, and this could translate into fewer gynogens becoming pregnant ('life-history regulation'; Schlupp, 2005; Schlupp & Riesch, 2011) , for which we also found strong support (see also Alberici da Barbiano et al., 2011) . Nonetheless, we also found evidence for plasticity in male mate choice because more P. latipinna were pregnant than P. formosa in August, although this was actually reversed in September despite the fact that we still found more P. latipinna with sperm in September. These results are congruent with previous studies that found male mate choice to be seasonally plastic and discrimination against Amazon mollies to decrease towards the late summer and early fall in natural populations (Heubel & Schlupp, 2008; Riesch et al., 2008) .
Although it appears straightforward to assume that our results on pregnancies provide strong support for 'behavioural regulation' translating into 'life-history regulation', we cannot exclude other explanations. Theoretically, the pregnancy pattern could also partly be a result of mutation accumulation (Huey et al., 2003; Halligan & Keightley, 2009 ) because sub-lethal mutations in the clonal, nonrecombining P. formosa may lead to reduced ability to successfully start embryogenesis (Schlupp & Riesch, 2011) . Future studies will have to attempt to disentangle these two competing hypotheses.
Moreover, we investigated whether unisexuals, once pregnant, would still suffer a reduction in reproductive life-history traits, and whether this would affect stable coexistence. Our results in this regard were straightforward: we did not find significant differences between the two reproductive modes in reproductive life-history traits. Our results are therefore largely in agreement with previous studies. For example, Hubbs (1964) found wild-caught P. formosa to have approximately the same number of oocytes as P. latipinna females, although fewer oocytes were found to develop into embryos. Similarly, Schlupp et al. (2010) found laboratory-reared P. formosa to produce approximately the same number of offspring as laboratory-reared sexual females. Nonetheless, we found trends for a reduction in fecundity and reproductive allocation in P. formosa, which could indeed be a weak signal of the aforementioned reduction; however, this could just as likely be the evolutionary signature of P. formosa being of hybrid origin because P. mexicana (i.e. the maternal ancestor of P. formosa) appear to have a lower (sizecorrected) fecundity compared to P. latipinna (R. Riesch, unpubl. data). Intriguingly, P. formosa exhibited a slightly better body condition (measured as extractable body fat) and also tended to produce betterconditioned offspring, which contradicts the prediction of mutation accumulation, or Red Queen mechanisms playing a major role.
Finally, larger females in the present study were generally more likely to become pregnant, and P. formosa were, on average, of larger body size than P. latipinna. Several field studies reported on larger body size in P. formosa compared to syntopically occurring P. latipinna (Gumm & Gabor, 2005; Riesch et al., 2008) . One advantage for P. formosa of growing larger than P. latipinna females is that P. latipinna males have an innate preference for large female body size (Ptacek & Travis, 1997) , which may be conflicting with (and even over-ride) their preference for conspecific females (Gumm & Gabor, 2005 ; but see also Gabor et al., 2010) . Hence, P. formosa could potentially invest more into initial growth and, thus, may mature at a larger size compared to syntopic P. latipinna females to overcome some of the disadvantages imposed by male mate choice. Future studies on growth patterns (using common garden experiments) will have to investigate this further, and may be able to shed some light on these intriguing findings.
CONCLUSION
Overall, we found a considerably smaller fraction of P. formosa to acquire sperm and become pregnant throughout the course of our experiment, which suggests that male mate choice indeed plays an important role in regulating coexistence in the unisexual/ bisexual mating complex of P. formosa. However, the pattern was not stable: in August, Amazon mollies suffered an almost 60% reduction in fitness compared to sailfin mollies based on the reduced proportion of pregnant females, although this was somewhat balanced out by the almost 40% reduction in fitness suffered by sailfin mollies in September (overall Amazon mollies thus suffered only an approximate 25% fitness reduction). Thus, the observed magnitude of differences in life histories between the two types of females is unlikely to be the sole factor regulating stable coexistence in this system; in other words, P. formosa did not suffer from a 50% fitness reduction in our experiment as would be expected if both the behavioural regulation hypothesis and the lifehistory regulation hypothesis were the sole causes for stable coexistence in this system. Still, our test of the life-history regulation hypothesis is by no means complete and the inclusion of additional life-history variables derived from (long-term) common garden experiments (e.g. age at maturity, interbrood intervals, lifetime reproductive output, and reproductive lifespan) could uncover other traits in which P. formosa suffer from a pronounced fitness reduction, eventually leading to a fitness reduction up to or even exceeding 50%. Furthermore, our data could be used to help parameterize several recent populationlevel models on stable coexistence in unisexual/ bisexual mating systems (Kokko et al., 2008; Heubel, Rankin & Kokko, 2009) , which might help shed some more light on the complex interactions between male mate choice and life history in this and similar systems.
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